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This thesis explores the field of context-aware information systems (CAIS). We present 

an approach called Compose, Learn, and Discover (CLD) to incorporate CAIS into the 

user daily workflow. The CLD approach is self-adjusting. It enables users to personalise 

the information views for different situations. The CAIS learns about the usage of the 

information views and recalls the right view in the right situation.  We illustrate the CLD 

approach through an application in the health care field using the Clinical Document 

Architecture (CDA). In order to realise the CLD approach, we introduce Semantic 

Composition as a new paradigm to personalise information views. Semantic Composition 

leverages the type information in the domain model to simplify the user-interface 

composition process. We also introduce a pattern discovery mechanism that leverages 

data-mining algorithms to discover correlations between user information needs and 

different situations.  
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Chapter 1  Introduction 

 

Health care is one of the emerging application domains for information services, which 

require highly contextual information services [1]. In her article “Removing Obstacles to 

the paperless office” [2], Diane Lares states, “many clinicians dream of a paperless 

office”. However, in order to achieve a paperless office in the health care field, we need 

to overcome several barriers. One of the key barriers that impede the ability of achieving 

a paperless office in health care is the fact that current solutions have reduced the 

productivity of health care professionals instead of increasing it [2].  Lares highlights the 

opportunity that mobile and wireless devices could bring to the health care field since 

these devices could be conveniently accessed at the patient bedside.  

At the outset, it seems that the increased availability of Personal Digital Assistants 

(PDAs) and wireless enabled devices will increase adoption of health care applications 

particularly, Electronic Medical Records (EMR), amongst health care professionals. 

However, studies have proven that these devices impede the user experience due to 

limited data input capability [3]. Waycott et al. state, "Limitations such as the small 

screen size, navigation difficulties, and slow and error prone methods for entering text, 

made it difficult to read and interact with documents on the PDA". 

The limited input capabilities of mobile devices affect the productivity and efficiency 

of health care professionals [2]. Health care professionals want to access the right 

information as quickly as possible. The primary barrier to adopting mobile devices at the 

point of care is that mobile devices have failed to compete against the bedside chart [4]. 

The patient bedside chart is by far the fastest way to access patient information. The 
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information listed in the bedside chart is current, accessible, and pertinent to the patient 

under consideration. If we analyse the needs of health care professionals, from the same 

angle that motivates the usage of the bedside chart, we conclude that any proposed 

solution must adapt to the workflow of health care professionals instead of forcing health 

care professionals to change their workflow to fit the information system.   

In addition to agility, health care professionals require high degree of accuracy to 

ensure patients‟ safety. However, adverse events, a term used to describe death or injury 

that arise from health care management [5], represent a severe problem in North 

American health care facilities. In Canada, it is estimated that 7.5% of all admissions to 

hospitals result in an adverse event. Of these cases, almost 40% are viewed as 

preventable [5].  We argue that introducing mechanisms that automate mundane and 

repetitive tasks (e.g. loading the correct patient record) can help decrease the rate of 

adverse events at our hospitals. 

Our research is motivated by the desire to increase the user productivity and efficiency 

by delivering the right information in the right context.  We explore the usage of context-

aware capabilities to augment the information delivery to health care professionals. By 

incorporating context-aware capabilities into health care applications, health care 

professionals can effectively operate portable devices without being constrained by 

limited input capabilities of portable devices. 

In this thesis, we present an approach called Compose, Learn and Discover (CLD) to 

address the requirements of context-aware information systems (CAIS). At a high level, 

the approach takes a CAIS through three phases: 
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1. Compose – The CAIS provides the user with the ability to rapidly build 

“dashboards”, referred to with the term Forms, to be used in different contexts. 

The user authors each Form from smaller and reusable information elements that 

could be reused in several places. 

2. Learn – The CAIS learns about the usage of information.  

3. Discover – The CAIS discovers that a given context is active and recalls the right 

Form for that context.  

Figure 1 below illustrates that the CLD approach has a cyclic nature. The CLD 

approach enhances the content delivered through CAIS as the system learns more about 

the users‟ information needs. The approach allows the CAIS to learn about users‟ usage 

of information and enables the users personalise the information delivered in different 

contexts.  

 

Figure 1 - CLD Approach for Context-aware Information Systems 

1.1. Contribution 

The thesis provides three primary contributions to support the CLD approach described 

above. The contributions are: 

1.1.1. Semantic Composition (Compose) 

We introduce a semantic-based composition technique for user interface that enables 

users to leverage concepts from their own domain to compose and personalise 

information forms for usage in different contexts. Users personalise existing forms and 

Compose

LearnDiscover
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author new forms by adding and removing smaller and reusable information elements, 

referred to as formlets, from a library of information services.  

The semantic composition is backed by domain ontology to allow users to connect and 

facilitate interaction between disparate information services using relationships that 

originate from the user domain.  

For example if an ophthalmologist creates a personalised Patient Consult Form to use 

with patients who require Cataract Surgery, the ophthalmologist can drop in a “Patient 

Information Formlet”, an “Intraocular Pressure (IOP) Formlet”, which is the information 

service used to capture the results of examining the fluid pressure inside the eye, and 

other related exams to one form. The CAIS automatically connects all the Formlets 

together with the patient under examination.  

We discuss the details about the semantic composition along with the evaluation in 

Chapter 4.  

1.1.2. Context Patterns Discovery (Learn & Discover) 

Context Patterns are patterns that could be extracted from user behaviour. In order to 

deliver the right content at the right time, software systems should be able to associate 

user behavioural patterns with the information need in a particular situation. We 

introduce an approach that leverages Data Mining [6] to identify and discover patterns 

between user information needs and the context associated with their daily activities 

based on recorded usage data. 

 The Data Mining field has emerged based on the promise of discovering knowledge 

and information from large amounts of data [6]. Historically, Data Mining products 

targeted commerce and financial applications. Since Context Patterns correlate changes 
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in the surrounding environment, such as time and location, to user information needs, we 

believe that discovering correlation between different contexts and information needs is 

similar in nature to discovering correlation between sales trends and customer 

demographic information. 

We envision a semi-automatic approach where the CAIS learns about user information 

needs by recording all pertinent data, such as location and time, and the accessed 

information. The CAIS provides visibility about available Context Patterns and allows 

the user to associate personalised forms with the right Context Pattern. The details about 

the Context Patterns Discovery and the Data Mining algorithm used to discover the 

Context Patterns is described in Chapter 4. 

Combining the Semantic Composition along with the Context Pattern Discovery 

enables users of CAIS to personalise the Forms they need in different situations. The 

CAIS in turn takes the responsibility of recalling the right Form in the right situation.  

1.1.3. Reference Architecture 

We develop a reference architecture for context-aware information systems. We argue 

that the reference architecture provides a generic blue print to develop future context-

aware information systems. We also develop a proof of concept implementation of all the 

components in the reference architecture to validate the presented approach. 

1.2. Thesis Layout 

The rest of the thesis is organized as follows: 

 Chapter 2 introduces an overview of context-aware information systems and presents a 

functional view of the proposed approach. 
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 Chapter 3  introduces the Context Ontology, which illustrates the domain model behind 

a CAIS. We introduce a Context Ontology that divides the domain model into two 

distinct layers: domain-independent and domain-dependent layers. The domain-

independent ontology defines generic contextual concepts such as time and location, 

while the domain-dependent ontology offers concepts that are specific to the problem 

domain under consideration, health care in this case.  

In  Chapter 4 we discuss the information delivery mechanism in CAIS. We present a 

compositional pattern to dynamically compose a view of the relevant information to be 

used in a particular situation. We apply the Semantic Composition approach to rich client 

and thin client technologies.  

In  Chapter 5 we introduce the data mining approach that we employ to discover 

Context Patterns. In this chapter, we introduce a methodology to model the Context 

Ontology in a multi-dimensional database. We introduce a Context Patterns discovery 

algorithm that extracts context patterns from the correlation between the user information 

needs and changes in the surrounding environment. 

In  Chapter 6 we introduce the reference architecture of CAIS. We provide a high-level 

description of the main building blocks of the CAIS.  
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Chapter 2  Overview 

2.1. Definition 

The definition context-aware information systems (CAIS) can be derived by combining 

two definitions: a) Context-aware and b) Information Systems. Based on Wikipedia 

definitions of Information Systems and Context-awareness in [7] and [8] respectively, we 

derive the definition of context-aware information systems (CAIS) as the discipline 

concerned with studying the link between dissemination of information to users and 

changes in the environment.  

2.2. Background 

The context-aware computing field has emerged from Weiser‟s vision of ubiquitous 

computing [9]. In [10], Dahlem provides a thorough analysis of the fields that relate to 

context-aware computing. In this thesis we will focus on the context-aware information 

systems (CAIS) field which has evolved from the broader context-aware computing field 

as illustrated in Figure 2.  

 

Figure 2 – Context-aware Information Systems (CAIS) 

One of the primary characteristics of CAIS is to serve users in agile professions where 

information-needs vary based on changes in the surrounding environment. The health 

Ubiquitous 
Computing

Context-
aware 
Computing

Context-
aware 
Information 
Systems
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care field is one of the prime examples of agile professions. In health care, clinicians 

need access to different types of information based on the surrounding environment. For 

example, if a physician is assessing a patient case for the first time, the physician refers to 

a “Referral Note”, which typically includes the patient‟s medical history and the relevant 

information that the physician needs to assess the case of a new patient. However, if a 

physician is performing Morning Rounds, a term used to describe daily visits that health 

care professionals perform on their patients, the physician, who is familiar with the 

patient case, is mostly interested in recent encounters with the patient. This scenario 

surfaced in analysing the data provided in Table 3 (page 70) that summarize the 

workflow at Victoria Hospice Society (VHS). We have found that in the morning rounds, 

clinicians review what is called the Incident Board (IB) that summarises the recent 

incidents that took place with patients at the hospital. 

Similarly, during the course of this research we conducted interviews with 

ophthalmologists who identified the need to access three types of documents to fulfill the 

workflow of Cataract Surgery on a patient. These documents are: 

a. Patient Consult Form – Used to perform an assessment of the patient case. 

b. Pre-Operative Form – Used to capture all pre-operation steps.  

c. Post-Operative Form – Used to capture the results of the operation and any exams 

performed on the patient.  

The above forms are used during different stages of the ophthalmologist workflow. 

One of the interesting observations is that although these forms are distinct, they share 

data. For example, each one of the Cataract Surgery forms typically has a “Patient 

Information” section, which summarises the patient demographics.  
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Additionally, some exams are done at different stages of the workflow, therefore the 

information service required to capture the exam result is included in different forms. 

For example, the Intraocular Pressure (IOP) exam is performed in the consultation 

stage and in the post-operative stage of the Cataract Surgery.   

2.3. Functional View of the CLD 

The above example about Cataract Surgery workflow can be generalised to incorporate 

various clinical documents that adhere to the Clinical Document Architecture (CDA) as 

specified in HL7 standard [11]. The CDA specifies that clinical documents are composed 

of different sections that adhere to the CDA specifications. Each section contains pre-

specified data elements. Different types of clinical documents contain several required 

and optional sections. For example, the British Columbia Electronic Medical Summary 

(eMS) [12] outlines the specification of Medical Summary clinical documents for the 

purpose of communication among health care practitioners and health care providers 

[12].  

The CLD builds on the fact that clinical documents and other information services 

could be composed from smaller and reusable sections. The CLD provides the following 

capabilities:  

a. Ability to build personalised “dashboards” of information services for use in 

different contexts.   

b. Ability to learn and discover usage patterns of the personalised dashboards in 

different contexts.  

c. Ability to recall personalised dashboards in the right situations. 
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We will illustrate the functional view of the CLD by analysing an example from the 

health care field. Based on the eMS [12], a Medical Summary document could include 

the following sections (some document sections are omitted to simplify the use case): 

a. Clinical Document description section: This section provides information about the 

document such as the document code, title, effective date, and a confidentiality 

code. 

b. Record Target section: includes patient information such as name, address, and 

telephone numbers. 

c. Current Medications section: provides details about the medications currently used 

by the patient. Medication information includes data items such as the medication 

code, quantity ordered, effective date and other elements. 

d. Allergies section:  provides information about different allergies or reactions that 

the patient might have. 

e. Medical History section:  provides details on the past condition of the patient. 

A health care professional could have different types of interactions with patients that 

require access to the Medical Summary; however, different sections are needed in 

different contexts. Let us assume that the health care provider has two types of 

interactions with the patients: 

a. Morning Rounds: In the case we studied, a physician accompanied by a member of 

the care team performs the morning rounds at 9:00 am every day. In this case, the 

health care professional is familiar with the patient case and therefore a subset of 

the Medical Summary sections is sufficient to satisfy the information needs for the 



 11 

Morning Rounds. For simplicity, let us assume that the health care professional 

needs access to the Record Target section [12] and the Current Medications section 

[12] only during the Morning Rounds.   

b. New Admission: In new admissions, the health care professional needs more 

information about the patient case. Therefore, a form that includes all sections 

(Target Record, Current Medications, Allergies and Medical History) is needed to 

fulfill the information needs in order to admit a new patient.  

If we apply the CLD approach to the above example, the health care professional needs 

to create two forms for each one of the above interactions. The forms are: 

a. Morning Rounds Form, which includes a Target Record section and a 

Medications section as illustrated in Figure 3 below. 

 

Figure 3 - Morning Rounds Medical Summary 

 

b. New Admission Form, which includes all required sections as illustrated in Figure 

4 below: 



 12 

 

Figure 4 - New Admission Medical Summary 

In order to author the above forms, the health care professional launches a composition 

tool, which enables her to author the forms by choosing the sections, which she needs for 

a particular context, from a library of predefined Formlets. Each Formlet represents the 

user interface of a medical document section as illustrated in Figure 5.  
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Figure 5 – Form Composition 

 

After defining the Forms, the CAIS learns about the usage of the Forms and associate 

the Forms with Context Patterns. For example, since the health care professional uses the 

Morning Rounds Medical Summary Form every day at 9:00a whenever he meets a 

patient, then the CAIS learns the fact that there is a correlation between the usage of the 

Morning Rounds Medical Summary Form, the time, and the existence of a patient. Once 

the system learns the Context Pattern (time and patient existence), the CAIS can discover 

the existence of a Context Pattern and recall the Form associated with that Context 

Pattern. For example, the CAIS will recall the Morning Rounds Medical Summary Form 

when a Morning Round context is detected.  
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The system goes through the above cycle indefinitely. The more the user accesses the 

information views in a given contexts, the more the system learns about the usage of the 

information views. As the system learns more about the usage, it builds correlations 

between the information views and different context dimensions (e.g. location, time, 

identity, etc.).  

The system tracks two factors, support and confidence, to determine the strength of the 

correlation between the information views and the context. Support tracks the number of 

times the user accesses an information view in a given context. Confidence tracks the 

number of active context dimensions for a given information view. Refer to  Chapter 5  

for further details. 

2.4. Related Work 

It is hard to start a discussion about context-aware computing without mentioning the 

vision that Mike Weiser laid down in 1991 for ubiquitous computing, also known as 

ubicomp. Weiser envisioned that great technologies will “weave themselves into the 

fabric of everyday life until they are indistinguishable from it” [13]. The context-aware 

computing field emerged from Weiser‟s vision. Schilit and Theimer coined the term 

context-aware computing [14] and provided the following definition: 

“Context-aware computing is the ability of a mobile user’s applications to discover 

and react to changes in the environment they are situated in”. 

 

Location has been one of the primary sources of context in context-aware applications 

[15]. Several applications leveraged location to augment information delivery to end 

users emerged. These applications include, but not limited to, Cyberguide [16], Personal 

Shopping Assistant (PSA) [17], and Active Badge Location System [18]. 
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Context-aware applications evolved to incorporate factors other than location. Dey 

argues that complex context-aware application could use time, identity, location and 

activity to augment the information delivered to the user [19]. He presents the Conference 

Assistant application [19], which is a mobile application that assists conference attendees. 

The Conference Assistant provides the conference attendee with information about 

conference tracks and highlights the ones that could be of interest to the attendee. The 

Conference Assistant suggests which presentation to attend based on the time and the 

attendee interest.   

The context-aware applications discussed above focus on providing varying data in 

relatively fixed or predefined information views. We argue that the predefined 

information views are not sufficient to accommodate the information needs of all users in 

an information-rich system such as health care applications. Zarikas et al. introduced 

adaptation of user interface to meet context requirement [20]. The authors describe 

PALIO, which is a tool that advances tourist-oriented services. It enables adaptation of 

user interface by transforming stored XML files to different formats like HTML or WML 

or SMS. Zarikas et al. identified the fact that different access devices need different 

content. They suggested the adaptation of the user interface by generating different 

content based on the access method.  

Examining previous applications, we find that context-aware applications share and 

offer a subset of the stages identified in the Compose, Learn, and Discover (CLD) 

workflow. For example, each application shares the discovery stage. Each application 

discovers the user‟s context and presents the right information in that context. However, 

these applications differ in how the system defines the information views and how the 
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system learns about the usage of these information views. For example, CyberGuide 

learns about the user information needs by pre-configuring the locations and the touristic 

information about each location. The system then looks up the right information 

whenever it discovers the right location based on location sensors. 

The Conference Assistant has a more complex learnability aspect. Abowd et al. 

describe the following user scenario:  

“When she arrives at the conference, she registers, providing her contact information 

(mailing address, phone number, and email address), a list of research interests, and a list 

of colleagues who are also attending the conference. In return, she receives a copy of the 

conference proceedings and an application, the Conference Assistant, to run on her 

wearable computer.” 
 

It is not clear from the provided scenario how someone configures the Conference 

Assistant. The scenario indicates that the attendee receives an application, Conference 

Assistant, that can identify the tracks that the user is interested in based on the list of 

research interests she provided at registration time. Based on the above, we assume that 

the Conference Assistant learns about the tracks that the user is interested in based on 

recorded data. The recorded data could include a mapping between the users list of 

research interest and the conference tracks. Alternatively, the Conference Assistant could 

record the tracks that other attendees have attended and use their research interest to learn 

about potential useful tracks for attendees with similar research interest.  

As for the composition of information views, Zarikas et al. introduce adaptation of user 

interface to meet context requirement [20]. The authors describe PALIO, which is a tool 

that advances tourist-oriented services. PALIO enables adaptation of user interface. It 

generates the right user-interface by transforming stored XML definition of the 

information view to different formats such as HTML or SMS based on the target device. 

Other context-aware applications did not provide dynamic adaptability of the user 
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interface. Our approach takes adaptability of user interface one-step further. Our 

approach enables users to personalise the information views, which provides the user 

with flexibility to alter the user-interface for different situations.  

In summary, we find that all context-aware applications incorporated components to 

learn about the user‟s usage of information and provided the ability to discover the right 

information when the right context is activated. Some applications introduced adaptation 

techniques to the user interface that allows the context-aware application to deliver 

different information views in different contexts. 
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Chapter 3  Context Ontology  

“Ontology”, a term coined in the philosophy discipline and made its way to 

information systems [21]. In information systems, Gruber defines Ontology as “A 

specification of a representational vocabulary for a shared domain of discourse” [22]. In 

this section, we define the term Context Ontology as a rigorous specification of context 

elements and their relationships in a context-aware information system (CAIS). 

The representational vocabulary in a CAIS, Context Ontology, should be capable of 

representing all of the elements in the surrounding environment that could influence what 

a user perceives as context. The concepts in the domain of discourse of a CAIS could be 

specific to a particular domain (e.g. Clinician‟s role in health care domain) or they could 

be generic concepts from the surrounding environment (e.g. location and time). 

Therefore, we divide the Context Ontology in two distinct layers: domain-dependent 

layer and domain-independent layer as depicted in Figure 6. 
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Figure 6 - Context Ontology 

 

The Context Ontology consists of two types of elements: Entities and Relationships 

designated using the stereotype notation <<entity>> and <<relationship>> 

respectively. For example, the syncro-colocation relationship indicates a relationship 

between two Domain Context Elements that are spatially co-located and synchronous in 

time. 

The domain-dependent layer (top part) of the Context Ontology conveys vocabulary 

from the domain under consideration. Since our target domain is health care, we have 

adopted the HL7 Reference Information Model (RIM) [11] and the HL7 Clinical 
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Architecture Document (CDA). The HL7 RIM represents a standard that governs the 

representation of medical information concepts in the health care domain. The domain-

dependent part depicted at the top shows documents, which consists of sections and 

entries, as specializations of the information concept. The RIM-based model in which 

this information can be placed has concepts for actors, roles, persons and devices. The 

concept of an actor is used as a generalization for uniquely identifiable persons 

(individuals) while the concept of a role represents an abstract individual. Further, the 

concept of a device represents a generalization for medical devices (X-ray machines, CT 

scanners, etc.) as well as IT devices (Webpads, tablet PCs, PDAs, Smart Phones etc.).  

The domain dependent ontology should be refined before including it in the Context 

Ontology. First, the ontology designer identifies the relevant items for the specific 

domain under consideration. For example, the RIM model includes the general concept 

“living subject” which is broken down into a “person” and “Non_Person_living_subject” 

concepts. If the ontology developer is designing context ontology for human treatment 

health care facilities, then the designer can choose to remove the 

“Non_Person_living_subject” concept from the context ontology and retain the 

“Person” concept. Secondly, the ontology designer has to identify new potential entities 

or relationships that are relevant to the Context Ontology. For example, the RIM model 

introduces the concepts of “Person” and “Role” but it does not include a relationship 

that conveys the concept “person playing a role”; therefore, we introduce the relationship 

“Cast”, which indicates a person playing a given role.  

In addition, the domain-dependent part includes the concept “Domain Context 

Element” which represents a generalization of all entities in the domain ontology. It also 
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links the domain-dependent layer with the domain-independent layer of the Context 

Ontology. 

The bottom part of Figure 6 represents the domain-independent part of the context 

ontology. The domain-independent part is re-usable across multiple domains. It attaches a 

concept for a position in space and time to domain context elements. It also introduces 

relationships between positions in space and time. This layer contains abstract concepts 

as well as concrete concepts. An abstract concept can be used to group different types of 

concrete concepts. For example, a concrete location “Patient Room 101” could be 

abstracted within a more generic abstract location such as “Patient Room” to identify an 

action occurring in any patient room. For this abstraction we use an “is-a” relation 

between the concrete concept and the abstract concept (e.g. Room 101 is a Patient 

Room). In addition, an abstract-concept can be used to aggregate one or more concrete 

concepts. For this aggregation we use a “has-a” relation between the abstract concept 

and the concrete concept.   

The concept of location is a generalization of a concrete location or an abstract 

location. A concrete location is defined by an actual physical location, e.g., a room 

number at a certain address. An abstract location has a name (e.g., Victoria Hospital) and 

aggregates one or more concrete locations.  

Further, the ontology introduces spatial relationships that associate the concepts of 

space together. For example, the part-of spatial relationship describes the relationship 

“room 101 is part-of Victoria Hospital”.  



 22 

The concept of time is a generalization of a concrete time or abstract time. An abstract 

time is defined by the user. For example, the term “morning” could be defined as an 

aggregation of concrete times between 12:00a to 12:00p.  

The time concept includes relationships similar to the ones presented above for 

location. For example, the relationship “at” indicate that an event occurs at a specific 

point in time. Finally, there exists relationships that include both time and space, 

spatiotemporal relationships. Relationships in this category are used to associate both 

time and space concepts simultaneously. For example, a relationship that conveys the 

statement “a clinician and a patient are in the same room at the same time” is a 

spatiotemporal relationship. We denote the “syncro-colocation” relationship to convey 

the above statement. The “syncro-colocation” relationship states that the two elements 

(clinician and patient) are at the same abstract location during the same abstract time.   

The level of abstraction for relationships is defined by the context designer. For 

example, a strong syncro-colocation relation between a patient and a clinician means that 

both exist in the same room. However, a looser syncro-colocation relation could be 

defined in a way that indicates the patient and the clinician exist in the same floor or 

building.  

We view the Context Ontology as a multi-dimensional space that is composed of 

Temporal, Spatial, and domain specific dimensions.We propose analyzing and extracting 

the context patterns by employing a data mining approach. In order to use data mining to 

extract patterns, we start by deriving a multi-dimensional database model from the 

context ontology. We discuss the derivation of context patterns and database structures in 

more depth in Chapter 5. 
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3.1. Related Context Ontologies 

Researchers in the context-aware field introduced conceptual models to communicate 

the vocabulary used in context-aware systems. Some researchers formalized the 

representation into ontologies. In this section, we discuss two ontologies and illustrate the 

relationship to our research. 

In [23], Kaltz et al. introduce an approach based on linking elements from the business 

domain, “Domain Ontology”, with context elements and assigning the links a relevance 

factor. The approach that Kaltz et al. use assumes that context elements are predefined 

and could be linked to the business model. The predefined elements include all domain-

independent concepts that might intersect with elements in the domain ontology such as 

Time and Location. However, Kaltz‟s approach does not take into consideration the fact 

that domain ontology has the potential of introducing new context elements. For example, 

the Role of a clinician in the health care domain is considered a contextual factor because 

it affects the information delivery to the clinician‟s device. In other words, the needs of a 

clinician are different from the needs of a nurse even if the domain-independent context 

has not changed. Our approach provides a mechanism to introduce new concepts, domain 

dependent in addition to the domain-independent, which could be shared by multiple 

context ontologies.  

Kofod-Petersen and Mikalsen take a broader look at context ontology in [24]. They 

identify five categories as base categories in context model representation. These 

categories are environmental, personal, social, task and spatio-temporal categories. They 

suggest linking the top-level broadly defined categories with a domain specific ontology. 

The interesting aspect in Kofod-Petersend and Mikalsen‟s approach is that domain-

independent ontology is broad and it has room to associate domain-dependent concepts. 
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For example, they associate the domain-dependent “Role” concept of a user to the 

“Social Context”.  

Based on our research, we have noticed that all attempts to formalize the modeling of 

context agreed that there exists a domain-independent part in the Context Ontology. 

However, previous approaches treated domain specific concepts as relationships to the 

pre-defined set of domain-independent concepts. Our approach acknowledges the 

existence of the domain-independent part of the ontology but we argue that the domain 

specific part is equally important and it has the potential to introduce new concepts. 

Therefore, we complement the domain-independent ontology with a formal domain-

dependent ontology that could be obtained from the domain under consideration.  
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Chapter 4  Semantic Composition 

 

At the heart of CAIS is the user interface used to deliver the information to end users. 

In order to display the right user interface at runtime, the context-aware application 

should allow end-users the ability to associate user interface constructs with Context 

Patterns. In order to simplify the process of authoring user interface, we propose using 

user-based composition techniques to allow end-users to rapidly create forms that align 

with their daily workflow. In this section, we introduce Semantic Composition, which 

represents a new paradigm in end-user composition. We also contrast Semantic 

Composition against existing user-based composition paradigms and illustrate how 

Semantic Composition enhances the usability of applications that offer end-user based 

composition.  

We have developed a proof of concept, NCompose, to illustrate Semantic Composition.   

Figure 7 below illustrates a screen shot from NCompose. NCompose provides the user 

with three views: Domain Ontology (left), Design Surface (top right), and the Semantic 

Object Model (bottom right).  
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Figure 7 - Semantic Composition Prototype 

In order to author a form, the end-user drags an object from the Domain Ontology (e.g. 

Patient) to the design surface. The design surface provides a visualization of the form 

layout. For example, the above figure illustrates a form that is composed of three 

Formlets: Patient, SlitLampExam, and DilatedFundasExam.  

The SOM view illustrates how various elements of the form interact with instances of 

the Domain Ontology. For example, the above figure illustrates that the Patient Formlet 

references a Patient instance. It also illustrates that the SlitLampExam references the 

same patient referenced by the Patient Formlet.  

In the following sections, we will provide background about existing user-based 

composition paradigms, introduce Semantic Composition, and provide an evaluation of 

the Semantic Composition approach. 
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4.1. Current User-based Composition Paradigm  

The term Web Portal has been introduced for few years to refer to websites that act as a 

gateway or “starting point” for web users. The most notable Web Portals were Yahoo, 

AOL, and MSN. All these Web Portals enabled web users to personalise the content to 

display different types of information that are more relevant to the end-user such as news 

and weather updates.  

The usage of Web Portals extends to augment Information Technology (IT) 

infrastructure within organisations by deploying Web Portals as intranet sites [25]. Using 

Web Portals enabled organisations to provide consolidated view to all information 

content. Further, Web Portals have contributed to founding the idea of “Digital 

Dashboards” [26]. Digital dashboards enable users to personalise a view from a 

collection of predefined components. A number of software products have emerged to 

support the idea of digital dashboards. The most notable ones are Microsoft‟s SharePoint 

Portal Server, Sun Microsystems‟ Java Portal Server, and IBM‟s WebSphere Portal 

Server. These products provide an extensible framework that allows developers to extend 

the set of available components.  We will use the term Web Portal Component (WPC) to 

avoid using vendor specific names such as Microsoft Web Parts [27], IBM Portlets [28], 

DotNetNuke (DNN) modules [29]. 

One of the key features that WPC models share is the ability for end-users to visually 

compose a web page from a collection of predefined WPCs using web browsers. Further, 

some WPC models such as Share Point Server introduced the ability for end-users to 

establish connections between different WPCs. These connections enable integration 

between components based on data exchange mechanisms. We have focused our research 

on WPC models that support events for data exchange. Particularly, we have 
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concentrated on three technologies: Microsoft WebParts, IBM Portlets, and DNN‟s 

modules).  The ability to share data across multiple WPCs enables end-users to compose 

web pages from smaller parts and connect them together to create the final UI. For 

example, we have used this feature to build a prototype of an Electronic Medical Records 

(EMR) application as illustrated in Figure 8.  

 

Figure 8 - Sample Electronic Medical Records developed using Share Point Web Part 

technology. 
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 Figure 8 above illustrates an EMR application in the field of Vision Health Care. The 

screen is composed of two WPCs: Patient Info WPC and Cataract Assessment. The end-

user connects the Patient Info WPC to the Cataract Assessment WPC via the “Patient Id” 

property that both Web Parts expose. The end-user interacts with the Cataract 

Assessment WPC to fill a patient assessment form. The data entered on the Cataract 

Assessment WPC is directly linked to the patient record displayed in the Patient Info 

WPC. 

WPC developers are required to implement pairs of data provider and data consumer 

interfaces to enable communication with other WPCs. For example, Microsoft Web Part 

introduces IRowProvider and IRowConsumer interface pairs [30] to enable 

communication between Web Parts. A Web Part that provides data implements 

IRowProvider to make data available to other Web Parts and a Web Part that consumes 

data implements IRowConsumer to access data provided by other Web Parts.  

In order to allow connecting WPCs, the Web Browser exposes available connection 

points to end-users to connect WPCs together. The end-user has to match the end points 

of each connection point by connecting the event source of one WPC to the event sync of 

another WPC.  

At a first glance, it appears that it is sufficient to compose an application from multiple 

WPCs. However, few constraints limit the current paradigm from being feasible to 

compose a large scale and relatively complex application: 

1. Syntactically and not semantically typed connections: The connections between 

WPCs are syntactically typed based on the Consumer/Provider interface pairs. 

However, the connection definition does not accommodate sufficient semantics 
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from the user domain. WPC developers compensate for the lack of semantics by 

providing human-understandable strings to describe the properties of the data that 

could be exchanged by each connection point.  For example, the two Web Parts 

illustrated above connect to each other using Patient_Id connection point. These 

strings are the only visual indication that enables users to connect WPCs with each 

other. This limitation adds significant effort on end-users to match strings between 

different WPC connection points.  

2. Number of Connections: In a complex application such as an EMR application. The 

number of possible connections between different WPCs could become very large. 

The large number makes the process of connecting WPCs an error prone process 

for end-users. 

3. Directional Composition: Existing composition paradigms rely on directional 

connections to link WPCs with each other. The directional connections limit the 

options of how end-users can compose the content of screen. Directional 

connections force users to think of which component provides the data and which 

component consumes the data.  For example, if a physician is composing an 

“Assessment Form” that is composed of two exams, let us assume that each exam 

is available as a WPC, the physician has to think of data sources and data 

consumers. If the results of first exam impacts the second exam and vice versa then 

the physician has to fill the information of these exams in a way that matches the 

direction of the event source to the event sync. This direction may or may not 

match how these exams are done in real life. 
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Another problem with directional connections is that the end-user has to make sure 

that the WPCs are laid on the screen in a way where the connection direction 

matches the cultural expectation of the end-user. For example, in an english-

speaking environment, users process the information from left to right and from top 

to bottom. The layout restriction adds an additional cognitive effort on the user 

composing the pages because he has to make sure that the direction of the 

connection matches the expectations of the end-user.  

4.2. Composition Paradigm 

In this section, we introduce Semantic Composition, which represents a new paradigm 

for end-user composition of user interface. Semantic Composition is based on introducing 

a domain model that leverages the type information in the application domain to compose 

the user interface. The domain model that we employ to describe the concepts in the 

application domain has been introduced in  Chapter 3 - Context Ontology.   

In this section, we will introduce the following terms: 

4.2.1. Semantic Composition Terms 

1. Domain Ontology Element (DOE): The type definition of an entity in the domain 

ontology. The definition of an entity includes the attributes of the entity along with 

the relationship definitions to other entities. An example of a DOE from the health 

care domain is the Patient entity. Based on the HL7 RIM definition [11], the Patient 

entity has the following attributes: FName, LName, Address, etc.  

2. Domain Ontology Object (DOO): An instance of the DOE. We will use the terms 

DOO and the term “instance of DOE” interchangeably. 
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3. Formlet: A user interface part that binds to one or more instances of DOEs in the 

domain model. The interface of each Formlet is semantically typed using the DOEs 

and their properties from the domain ontology. 

4. Repository: A library of all the Formlets available to the end-user. 

5. Form: The collection of Formlets that have been placed on a particular screen along 

with layout information.  

6. Semantic Object Model (SOM): The model representing the instances of all DOEs 

used in the Form and the connectivity information between DOE instances and the 

available Formlets.  

4.2.2. End-user Process 

The following steps provide an overview of the end-user experience of the Semantic 

Composition paradigm:  

1. User creates a new Form. 

2. User selects Formlets from the Repository and visually arranges them on the Form.  

3. A default SOM is automatically generated by creating a default DOO for each DOE 

used by the Formlets. If a DOO has already been included in the Form, the end-user 

gets the option of reusing an existing instance or creating new instance.  

4. The user refines the SOM identifying domain ontology objects that should be 

identical. For example, if the user places Exam1 Formlet and Exam2 Formlet on 

the Form. Let us assume that both Formlets require an instance of Patient DOE. In 

this step, the user can refine the model by combining both Patient DOE instances 

into one instance to represent the same patient.  
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4.2.3. Semantic Object Model (SOM) 

In this section, we will elaborate more on the SOM construction and refinement that 

was introduced in the previous section.   

There are no directed connections between the Formlets in the Semantic Composition 

paradigm. Instead, we leverage data binding capabilities to bind the visual presentation 

of the Formlets to instances in the SOM. The net effect is that different Formlets that 

are required to share data will share the same DOE instance. Additionally, since the 

connections are done at the SOM level, then the end-user can provide the data in any 

order without having to worry about event sources and sinks as it is the case in the 

traditional end-user composition paradigms. 

 Figure 9 below illustrates the class diagram for the Formlet class and its relation to the 

DOE. In this figure, we introduce the FormletControl. A FormletControl is the atomic 

content visualisation element of a given data type. For example, an edit line represents 

the FormletControl of a string data type. Since a Formlet “is-a” FormletControl, a 

Formlet could include other Formlets. In this case, the included Formlet is treated as 

the atomic visualization element of the DOEs that interfaces the Formlet. 
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-Controls : FormletControl

Formlet

-Attributes : ElementProperty

DomainOntology_Element

-DataContext : DomainOntology_Element

-ContentBindingPath : string

FormletControl

ElementProperty

-DataContext

1 1

-Attributes1

*

-Controls1

*

 

Figure 9 - Formlet Class Diagram 

 

The primary properties to notice on the Formlet are the DataContext and the 

ContentBindingPath properties (inherited from Formlet Control). The DataContext 

property associates an instance of the DOE to the Formlet. The DataContext property 

propagates to all child controls. The ContentBindingPath property includes a path of to an 

attribute of the DOE. The type of each attribute is ElementProperty. The value of the 

ElementProperty referenced by the ContentBindingPath represents the content of the 

Formlet. Since the DataContext propagates to all child controls, The ContentBindingPath 

of each FormletControl can reference a PropertyElement through its ContentBindingPath. 

For example, let us assume that we have a Formlet that represents a Patient DOE. For 

simplicity, let us assume the Patient DOE has three Attributes: FName to represent the 

patient‟s first name, LName to represent the patient‟s last name, and BirthDate to 

represent the patient‟s date of birth. Let us assume that the Patient Formlet provides data 

entry form for the patient. In this case, the Patient Formlet includes three edit lines to 

represent FName, LName, and BirthDate as illustrated in Figure 10 below. 
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Figure 10 - Sample Patient Formlet 

In memory, an instance of the Patient DOE is bound to the Patient Formlet interface as 

illustrated in Figure 11.  

PatientFormlet

PatientInstance : Patient

Pat

 

Figure 11 - Association between an instance of Patient DOE and a Patient Formlet 

Once the Patient DOE instance is bound to the Patient Formlet, each Formlet Control 

that exists on the Formlet looks up its content from the Patient DOE using the 

ContentBindingPath property as illustrated in Figure 12 below. 

DataContext : DomainOntology_Element = Patient

ContentBindingPath : string = FName

Content = Jane

FName : FormletControl

PatientFormlet
Pat

1

DataContext : DomainOntology_Element = PatientInstance

ContentBindingPath : string = LName

Content = Doe

LName : FormletControl

FName : string = Jane

LName : string = Doe

BirthDate = 12/30/1983

PatientInstance : Patient

DataContext : DomainOntology_Element = PatientInstance

ContentBindingPath : string = BirthDate

Content = 12/30/1983

BirthDate : FormletControl

 

Figure 12 - Binding Between Formlet Controls and Element Properties 
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In the above diagram, the content of each Formlet Control (e.g. FName Formlet 

Control) is bound to a property of the Patient DOE instance. Any change on the 

properties of DOE instance propagates to the FormletControl and vice versa.  

Construction of the Semantic Object Model 

Whenever a user adds a Formlet from the Repository to the Form, new instances of the 

DOEs, which are required by the Formlet interface, are created. We refer to all the DOE 

instances and the Formlet interfaces that use them with the term Semantic Object Model 

(SOM). As a simple example, let us assume that the user is assembling a Form that 

contains two Formlets: “Consult Formlet” and “Pre Operative Formlet”. The Consult 

Formlet allows a physician to assess the case of a patient. The Pre Operative Formlet is 

filled before the operation is performed. The Pre-Operative Formlet includes information 

about the patient and the physician who is going to perform the operation. Typically, the 

physician who performs the operation is different from the physician who performed the 

assessment. 

In this example, if the user adds both Formlets to a Form, then the following SOM will 

be generated by default: 

ConsultFormlet

Pre-Op Formlet

pat1:Patient

Pat2:Patient

Phys1 : Physician

Phys2 : Physician

Patient

Physician

Patient

Physician

 

Figure 13 - Initial Semantic Object Model (SOM) 
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In the initial SOM, the addition of the Consult Formlet generated an instance of a 

Patient DOE and an instance of a Physician DOE. The Pre-Op Formlet generated another 

instance of Patient DOE and another instance of Physician DOE. 

Since the Physician of the Pre-Op is different from the physician in the Consult 

Formlet then we need two instances of the Physician DOE. Therefore, the default SOM 

reflects the right number of Physicians needed to complete the information of both 

Formlets. However, the default SOM contains two instances of the Patient DOE, but we 

want to make sure that both Formlets are referring to the same Patient. This leads us to 

the next step. 

Refinement of the Semantic Object Model 

Since both Formlets are supposed to be dealing with the same patient, then the user will 

have the option of folding both instances into one instance. The resulting SOM after the 

consolidation of duplicate instances is illustrated in the figure below: 

ConsultFormlet

Pre-Op Formlet

pat1:Patient

Phys1 : Physician

Phys2 : Physician

Patient

Physician

Patient

Physician

 

Figure 14 - Refined Semantic Object Model (SOM) 

 

4.3.     Example from Health Care Domain 

We have introduced the Context Ontology in Chapter 3, which includes a 

representation of the information that will be delivered to end-users. In the case of the 
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health care domain, we have developed the Context Ontology based on the HL7 

Reference Information Model (RIM) [11]. The HL7 RIM introduces the Clinical 

Document Architecture (CDA) as the basis for clinical documents. Based on the CDA, 

the information delivered to end-users is represented as a Clinical Document.  A Clinical 

Document is composed of sections and entries. Based on this model, we construct the 

user interface as a composition of multiple User Interface Parts (UIPs) that are connected 

together to formulate the final user interface.   

For example,  Figure 15 illustrates the content composition of a Cataract Assessment 

clinical document.  

 

Figure 15 - Cataract Assessment Document 

 

The clinical document, Cataract Assessment, in the figure above consists of three 

sections: Slit Lamp Exam and Dilated Fundus Exam section. The user interface that 

represents the above clinical document is derived from the Context Ontology Document.   

 The user interface presented to the end-user is the “Cataract Assessment Form”, which 

is composed of three Formlets: Patient Information, Slit Lamp Exam, and Dilated Fundus 

Exam. 
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As a proof of concept, we have developed a prototype that enables the user to author a 

Form by selecting Formlets from a Repository of predefined Formlets. In order to 

simplify the implementation, we have used NHibernate [31], an Object Relational 

Mapping technology, to represent the Domain Ontology for the above example. We 

chose NHibernate because it provides rich mapping between Object Oriented types and 

the underlying relational database. It offers constructs to represent Object Oriented 

terminology such as Inheritance. For example, the class diagram below mimics the 

Domain Ontology hierarchy of the Patient and Actor DOEs based on the HL7 RIM [11].  

 

Figure 16 - Class Diagram that mimics a subset of the Health Care Domain Ontology 

As we see from the above figure, there is an inheritance, “is-a”, relationship between 

the Patient and the Person DOE. Similarly, there is an “is-a” relation between the Person 

DOE and Entity DOE and so on so forth. NHibernate provides different options of 

mapping the inheritance hierarchy to the underlying database [31]. We have chosen the 
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option where a relational table is mapped to each subclass in the class hierarchy. 

NHibernate uses XML files to map the structure of the database to the classes. An 

example of a mapping file that illustrates the mapping of Actor, Patient subclasses to the 

Person class is illustrated in the following XML (rest of the hierarchy is taken out for 

simplicity): 

<?xml version="1.0" encoding="utf-8" ?> 
<hibernate-mapping xmlns="urn:nhibernate-mapping-2.2" 
    namespace="DomainOntologyLib" assembly="DomainOntologyLib"> 
 
  <class name="Person" table="Person"> 
 
    <id name="Id"> 
      <column name="PersonId" sql-type="char(32)" not-null="true"/> 
      <generator class="uuid.hex" /> 
    </id> 
 
    <property name="FName" /> 
    <property name="LName" /> 
    <property name="DOB" /> 
    <property name="Address" /> 
 
    <joined-subclass name="Patient" table="Patient"> 
      <key column="PersonId"/> 
    </joined-subclass> 
 
    <joined-subclass name="Actor" table="Actor"> 
      <key column=" PersonId "/> 
    </joined-subclass> 
  </class> 

 

</hibernate-mapping> 

We have created three Formlets in our repository. The end-user starts by composing the 

Cataract Assessment Form. The user drags and drops Formlets from the Repository to the 

Form composition area as illustrated in  Figure 17 below. 
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Figure 17 - Cataract Assessment Form Composition – Default SOM 

The above figure represents a screen shot from the proof of concept. The left hand side 

contains a list of all available Formlets. The center area illustrates the current Form under 

composition and the right hand side area contains the SOM. 

The SOM in the above figure is the initial SOM. The three Formlets in the above 

example interface with a Patient DOE, therefore, three instances of a patient where 

created in memory. However, in the use case under consideration, all Formlets should 

reference the same Patient. Therefore, the end-user performs the refinement step by 

combining the three instances into one instance as illustrated in Figure 18 below. 

 

Figure 18 - Cataract Assessment Form - Refined SOM 
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Refinement of SOM –DOE Instances and “is-a” relations 

In some cases, the Formlet expects an abstract DOE (e.g. Person). In this case the 

refinement algorithm allows the user to select any DOE that has an “is-a” relation to the 

Formlet interface DOE.  For example, if a Formlet expects a Person DOE and another 

Formlet expects a Patient DOE (note that Patient DOE has an “is-a” relation to the Person 

DOE), the user could combine the Person instance with the Patient instance as illustrated 

in Figure 19. 

 

Figure 19 - Sharing DOE Instances that has "is-a" Relation 

 

The above example contains two Formlets: Patient Formlet and Person Formlet. The 

Patient Formlet expects a Patient DOE and the Person Formlet expects a Person DOE. 

Since the Patient DOE inherits from Person DOE, the user can combine both DOE 

instances into one Patient DOE (the child class). 

Data Binding - No Directional Connections  

The above example illustrates another interesting aspect of the Semantic Composition 

paradigm. It illustrates the fact that the connection between the Formlets is not 

directional. The user could start by providing data to the Person Formlet or the Patient 

Formlet. Since both Formlets are bound to the same DOE instance, then the UI of each 
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Formlet automatically updates and reflects the data whenever the underlying DOE 

instance is changed. 

Binding Illustrated 

In our proof of concept, the end-user creates the Cataract Assessment Form by 

incorporating the Patient Information, Slit Lamp Exam, and Dilated Fundus Exam 

Formlets in the Form. Each Formlet interfaces to an instance of a Patient DOE. 

We have generated a default Formlet for each NHibernate DOE. Once the mapping is 

generated, a default Formlet is generated for each class in the hierarchy.  

As we see from the above figure, there is an inheritance, “is-a”, relationship between 

the Patient and the Person DOE.  

4.4. Evaluation 

Due to limited access to clinicians and due to the fact that this work is still at prototype 

stage, we could not perform a practical evaluation. Instead, we have followed a well-

known theoretical evaluation approach called Cognitive Dimensions Framework (CDF) 

[32] to evaluate the usability of Semantic Composition.    

The CDF is a framework that provides a way to analyse and evaluate “notational 

systems” [33]. In our case, the UI composition is considered a notational system because 

it provides the users with a mechanism to describe the contents of a screen. To perform 

our evaluation, we follow the guidelines provided in [33], which suggests breaking the 

evaluation into three main categories: a) Product b) Main Notation c) Sub Devices. 

4.4.1. Product (Parts of your System) 

The system is used to compose a screen from a smaller UI parts. The final product is an 

application that allows end-users to operate in one of two modes: Design mode and 
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Runtime mode. In the design mode, the end-user can author a Form by selecting 

Formlets, User Interface Parts (UIP), from a Repository of Formlets.  

In the runtime mode, the application allows end users to fill data entry forms or inquire 

about information. In the case of Electronic Medical Records (EMR), the final product is 

an application that allows clinicians to request and populate information related to their 

current task. 

The main notation of the system consists of three kinds of elements: UI Part, UI 

Screen, and domain concept defined in the Context Ontology (see  Chapter 3 ).  

4.4.2. Main Notation 

The CDF framework analyses the main notation by considering 14 independent 

dimensions, we have evaluated ten dimensions that are applicable to our field. In this 

section, we will iterate through the dimensions, provide brief description based on [34], 

and use them to evaluate our approach in contrast against existing composition 

technologies. We will use Microsoft SharePoint Portal Server as an example of an 

existing composition paradigm in our evaluation. 

Abstraction Gradient:  

(Types and availability of abstraction mechanisms) 

Our approach introduces the Context Ontology, which adds a level of abstraction to the 

composition model over existing composition models. The additional level of abstraction 

provides end users with vocabulary from their own domain, which makes it easier for 

users to author new screens and understand the composition of existing screens.  

Semantic Composition allows users to configure domain instances and their 

relationships. For example, the end user configures the domain concepts “Cataract 

Surgery” and “Slit Lamp Exam” and links them together through the relationship 
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“Exams” that exists on the “Cataract Surgery” domain concept. Arguably, using domain 

specific terms simplifies the authoring process over the traditional compositional 

approaches.  We argue that existing composition approaches provide abstractions that are 

not easily understood by end users. In existing Web Portal composition paradigms, Web 

Portals use three types of abstractions: Portal Pages, Web Portal Components (WPCs), 

and WPC Events, which are depicted as directed connection points on WPCs. Each 

connection connects two WPCs and it is established by connecting the event source of the 

first WPC to the event sink of the second WPC. The connection of event sources to event 

sinks forces the user to enter data in a pre specified order, where data for WPCs having 

event sources should be filled before WPCs that have event sinks. This order of data flow 

requires the web page to be laid out in a way that is intuitive for end users, for example, if 

the end user is an English-speaking user, the page should be laid out from top to bottom 

and left to right.  

Since WPCs are the smallest atomic component, adding new abstractions can only 

occur by adding new WPCs. This is typically a complex task and requires knowledge of 

low-level programming technologies such as C++ or C#. For example, to author a WPC 

for SharePoint, the user needs to be familiar with C#, ASP.NET, and SharePoint object 

model. 

Closeness of Mapping: 

(Closeness of representation to the Domain) 

Unlike traditional composition approaches, our approach enables composition using 

concepts from the user domain through the domain ontology. In traditional models, the 

UI Part is the only abstraction that maps to the user domain.  

Consistency: 
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(Similar Semantics are expressed in similar syntactic forms) 

Inconsistency exists in traditional composition systems because there is a gap between 

the end user domain (UI Parts) and the underlying interfaces that rely on technical 

concepts in event based systems. The consequence of such a gap is that end users have to 

deal with relatively technical semantics such as the event source (e.g. Connection Point 

Provider in SharePoint) and the event sink (e.g. Connection Point consumer in 

SharePoint) in addition to the non-technical semantics such as the UI Parts themselves.  

For example, if a screen for an Operative Form consists of two parts: Patient UI Part and 

Surgery Document UI Part. Traditional approach forces the end user to place the parts on 

the screen then establish a directional connection point between the Patient UI Part and 

the Surgery Document UI part. 

In the Semantic Composition approach, the users use the same concepts to author the 

Domain Ontology as well as the CIM. Therefore, consistent concepts are used throughout 

the composition process. In the example above, if the end-user selects a Patient and a 

Surgery Document from the gallery then these parts will be directly connected to each 

other based on the relationships provided in the CIM.  

Diffuseness: 

(Verbosity of language) 

The Semantic Composition approach is more verbose and therefore more diffuse than 

the traditional composition approaches because it introduces additional entities for DO 

and the CIM. However, the extra notation maps directly to the user‟s domain concepts 

and relies on the user‟s domain knowledge to understand the extra verbosity in the 

approach. 

Error-proneness: 
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(Possibility  of Careless Mistakes) 

In traditional composition, approaches the connections between the UI parts are not 

semantically typed which makes the composition prone to errors. For example, the end-

user could match a clinician ID to a Patient ID. The Semantic Composition approach 

provides semantic validation and therefore is less error prone to careless mistakes that 

could occur while composing a screen from multiple related elements.  

Additionally, traditional composition approaches relies on directional connections, 

which could invite mistakes such as creating cycles between the UI parts. The semantic 

composition is not directional and therefore eliminates any potential errors that have to 

deal with directionality.  

Hard mental operations: 

(High demand on cognitive resources) 

In screens that consists of many UI Parts the end-user of a traditional composition 

system may need to resort to a pencil and paper to design the workflow and the 

connections between all the UI parts on the screen. The process might also require deep 

thinking of the location of each UI part to make it more intuitive to enter data. For 

example, in an English language screen, the UI parts that has event sources should be 

placed to the left or on top of UI parts that depend on them. In Semantic Composition, 

there is no required layout because all the UI parts are bound to the same SOM. The end-

user can interact with the UI parts in any order and the data will propagate to all other UI 

parts regardless of the screen layout. 

Hidden dependencies: 

(Links between entities are not visible) 
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Traditional composition approaches rely heavily on the concept of directional 

connections between UI parts. The directional links creates hidden dependencies between 

UI parts. The only mechanism to explore the dependencies is to inspect UI parts one by 

one. For example, in SharePoint the user has to invoke the context menu of UI part to 

find out the other UI parts connected to it. All existing compositional systems lack a 

cohesive view of all entities and their dependencies.  

In the proposed semantic composition, the actual connections are also hidden from the 

end user, however the user does not need to see them because it is sufficient to view the 

abstract domain oriented CIM model, which illustrates a graph of all entities used in a 

screen and their relationships. Secondly, endpoints of relationships are clearly visible to 

end user, which reduces the need to describe the design and the connections on secondary 

systems like a pencil and paper. 

 

Provisionality: 

(Premature commitment to the order of doing things) 

In traditional event based composition, the layout of the UI parts is dependent on the 

directional connections between the parts. The direction of the connection points dictates 

the order of the parts.  

In Semantic Composition, the layout is not dependent on directional connection points. 

However, the Semantic Composition introduces a different type of commitment. In 

Semantic Composition, the Domain Ontology must be specified before performing any 

UI composition. We believe that this is a reasonable commitment because the domain 

ontology is typically developed by domain experts and is made available to the UI 

developers. Therefore, the end user does not have to do any premature commitment. 
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Semantic Composition and traditional composition tie in this category. 

Progressive Evaluation: 

(Ability to evaluate work in progress) 

Traditional and Semantic Composition approaches enable the user to partially compose 

the user interface and execute it. There is no significant difference between both 

approaches. 

Role Expressiveness: 

(Visibility of the role of a given component in relation to the whole system) 

In traditional composition approaches, the relation between different UI elements is 

described in the connection point. The connection between different parts is expressed 

using a string. It is only possible to see how a UI part is connected to another part but it is 

difficult to see how changing a connection could affect the whole system. The reason 

behind the difficulty to illustrate the relationship between a UI part and the rest of the 

entities is due to the existence of too many connection points that have no relation 

between each other. 

In Semantic Composition, the relationship between the UI parts are semantically typed 

and backed by typed domain ontology. The domain ontology makes it easier to visualize 

the relation between the instances in a particular composition. 
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4.4.3. Evaluation Summary 

The following table provides a summary of the CDF evaluation of Semantic 

Composition: 

CDF Dimension Semantic Composition Traditional Approaches 

Abstraction Gradient More than one level of 

abstraction due to the 

availability of domain 

ontology. 

One level of abstraction 

Closeness of Mapping Closer to user domain Requires programming 

knowledge such as 

understanding of event 

source/sink model. 

Consistency Uses domain concepts, 

which makes 

composition consistent 

with the user domain. 

There is a gap between end-

user domain and underlying 

interfaces. 

Diffuseness More verbose. Less verbose 

Error Proneness Semantically typed 

connections reduce 

error proneness. 

No semantic typing and 

directional connections 

increases the chance for 

errors. 

Hard mental operations Does not require extra 

mental operation for 

layout. 

User may need to resort to 

pencil and paper to design 

the connections between all 

UI parts. 

Hidden Dependencies Tie Tie 

Provisinality Tie Tie 

Progressive Evaluation Tie Tie 

Role Expressiveness Semantically typed 

connections. 

Connections between 

different parts are expressed 

using a string. 

Table 1 – Semantic Composition Evaluation 
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Chapter 5  Context Patterns Discovery  

 

Patterns, spatial and temporal, are apparent in the way users seek information. Our 

research, as well as other research [35], has identified a correlation between the users‟ 

activities and information needs. Users tend to establish patterns in the way they request 

information. For example, in our case study the physician on morning rounds meets with 

the nurse from each team care at 9:00a in the Charting room. The goal of the meeting is 

to assess influences on patients‟ goals of care such as comfort and discharge. The health 

care professionals consult the Patient Chart (PC), White Board (WB), Incident Board (IB) 

and the care providers‟ knowledge [36].  

The above scenario illustrates a pattern created due to the simultaneous occurrence of 

several events. Events could be of domain independent (temporal or spatial) or domain 

dependent nature. The first event is of temporal nature and it is represented by the 

meeting time, meeting at 9:00a. The second event is of spatial nature and it is represented 

by the meeting place, the charting room. Finally, the last event is a domain dependent 

event, which is the actor‟s event, illustrated by the presence of the physician and the 

nurses from the care teams.  

Patterns play significant role in identifying users‟ information needs. In [14], Reddy 

and Dourish conclude that information seeking in medical work adheres to “Temporal 

Rythms”. Additionally, they introduce the concept of “information rich” environments. In 

information rich environments, the environment represents a source of implicit 

information. Reddy and Dourish state, “Information permeates the environment, in forms 

that are both explicit (such as charts, tables, [etc.]) and implicit (such as the configuration 
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of people and equipment).” For example, in their study to the workflow in the Surgical 

Intensive Care Unit (SICU), where the goal is to stabilize a patient after a surgery, they 

identify cases where “assessments of patient stability are made in the context of 

understanding current demands for beds” [35]. Hence, an understanding of the 

bed/patient utilisation assists the caregiver in making the right decision for her patients. It 

is imperative to leverage the implicit sources of information such as temporal and spatial 

patterns in designing software systems that work in agile environments such as health 

care. In the rest of this section, we introduce a data mining approach that allows us to 

extract and discover patterns from the implicit sources of information such as time and 

location.   

We define the repetitive occurrence of spatial, temporal, and domain dependent aspects 

in relation to the information need as Context Pattern.  More precisely, we provide the 

following definition for context patterns: 

 A Context Pattern is a rule that relates elements from the domain of discourse to the 

user’s information needs.  

Identifying patterns in users activities can be used to „predict‟ the information needs in 

a particular situation. There are two approaches to define these patterns. The first option 

is to explicitly define the patterns. The second option is to extract the patterns from 

recorded user behaviour.   

Explicitly defining Context Patterns by end users is not intuitive because the end user 

needs to analyze the context and describe it in some form of a rule-based language. 

Another possible alternative is to centrally define the Context Patterns by network 

administrators or business analysts in a particular organization. However, centralizing the 
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definition of patterns to network administrators or business analysts is not a scalable 

option. It is almost impossible to define generic set of patterns that suit the needs of each 

user in the organization. Therefore, we suggest an approach that allows us to extract and 

refine the Context Patterns from the users‟ behavioural activities.  

We view the aspects in users‟ activities such as location and time as a multi-

dimensional space that relates to information needs. This space consists of domain 

dependent and domain independent dimensions. The common ground among these 

dimensions is that a correlation exists between one or more dimensions and the 

information need of the user.  For example, if one of the tasks that a clinician performs 

during the morning patient rounds is to review patients‟ charts, the factors that influence 

the activity “Consult Patient Chart” are: (a) the location (Charting Room), (b) the co-

location of the physician with the nurses from a patient (i.e. other patient exists in the 

same room), (c) the Role (i.e. clinician), (d) and possibly the time of the day assuming 

that the clinician in this example performs morning rounds to patients.  

In order to implicitly extract Context Patterns from this multi-dimensional space, we 

propose analyzing and discovering the Context Patterns using Data Mining algorithms. In 

this section, we will focus on the extraction of Context Patterns from usage history. 

Figure 20 illustrates the conceptual architecture of the components involved in the 

context pattern mining function. 
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Figure 20 - Mining Context Patterns 

 

Figure 20 above illustrates the architecture of the solution used to extract Context 

Patterns. This solution is composed of two main elements: 

1. Multi-Dimensional Schema Creator 

The multi-dimensional schema Creator interprets the context ontology to construct a 

multi-dimensional model suitable for data mining. The multi-dimensional model is 

composed of two databases: a relational database known as the Star-Schema and an 

Online Analytical Processing (OLAP) [37] cube, which stores the aggregations and 

conceptual hierarchies. 

2. Context Miner 

The Context Miner tool is used to extract the Context Patterns from the multi-

dimensional store. The generated Context Patterns are then used by the Inference Engine 

of the CAIS to predict the information needs in a particular user context.  

The following sub-sections are organised as follows: In the first part, we will introduce 

the methodology used to construct the multi-dimensional database from the Context 

Ontology. In the second part, we will introduce an algorithm to extract Context Patterns. 
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5.1. Multi-Dimensional Modeling 

The foundation of any multi-dimensional model is based on a schema called the “Star 

Schema”. The Star Schema draws its name from its shape. At the center of the star 

resides a Fact table surrounded by several Dimension tables. In our design, we extract the 

dimensions from the context elements of the Context Ontology. We introduce the 

following approach to derive the multi-dimensional database from the Context Ontology:  

a. For each element directly derived from a Domain Context element, create a 

dimension table. For example, create a table called Location_Dim to represent the 

Location context element.  

b. For each dimension table created, create a dimension in the Context Cube. 

c. For each abstract concept in the context ontology, create a hierarchy on the 

dimension. For example, the Time context element could have two abstractions in 

a health care system:  

- Shift Abstraction– an abstraction that breaks the day into staff shifts such as 

Shift A, B, and C.  

- Period Abstraction– an abstraction that breaks the day into common generic 

periods such as morning, afternoon and evening. 

d. For each aggregation or extension relation within a particular Context Element 

hierarchy, create a hierarchy level for the related hierarchy.  For example, on the 

Actor dimension, create a hierarchy level called Role to categorize persons by 

their role as illustrated in Figure 21. 
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Figure 21 - Actor Dimension Hierarchy 

 

e. Identify the context dimension. The context dimension is the dimension 

associated with the context element of interest. In our case, the context dimension 

is the dimension associated with the Information Used context element because 

we want to extract the association between the Information Used at the point of 

care in relation to all other context elements. 

Figure 22 illustrates a sample Star Schema used in our initial investigation phase. 

 
Figure 22 – Multi-Dimensional Data Model 

 

Each element in the Context Ontology maps to a dimension in the multi-dimensional 

model. For example, the Time element maps to a Time_Dimension. Further, the abstract 
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concepts in the Context Ontology are used to build concept hierarchies within each 

dimension. 

The values in each dimension could be either discrete or categorized. In the above 

example, the values in the location and time dimensions are discrete, while the values in 

the Role dimension are categorized.  

Discrete values such as Time and Location should be discretised into concept 

hierarchies [6]. The concept hierarchies represent grouping of the discrete data. The 

concept hierarchies could be derived directly from the Context Ontology. For example, 

the Location dimension is measured through location sensors. Our Context Ontology 

contains an Abstract Location element and a Concrete Location element to describe the 

location. The Location concept hierarchy of the multi-dimensional model could be 

derived directly from the context Ontology by mapping the Abstract Location and 

Concrete Location levels. Figure 23 illustrates how to create a location hierarchy 

(Abstract Location -> Concrete Location) in the location dimension.  

Concrete Location Abstract Location

 

Figure 23 - Pattern Base Schema - Location Element 

5.2. Mining Context Patterns 

The context Fact base consists of multiple dimensions (location, time, role, etc.). We 

hypothesize that the problem of extracting context patterns is similar in nature to mining 

association rules in multi-dimensional databases. Our goal is to identify the associations 

between the Context Dimension (i.e. Information Need) and other dimensions that store 

values captured by the sensors (e.g. Time, Location).  

Location(X) ^ Time(X) ^ Actor(X)  Information Used (X)   ………………… (1) 
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Where X is a variable that represents a user of the information system (e.g. Physician 

in our case). 

We have adopted and adapted Kamber and Han‟s algorithm on mining data cubes [38] 

as a base to our implementation. Kamber introduces the “n-D cube search” mining 

algorithm, which suggests examining the cell count of p-dimension cells in the n-

dimensional cube. If the count is above a certain threshold, referred to as 

“minimum_support”, then we include the p-predicates as a rule in the result.  

We will start by discussing the algorithm and then we will highlight the areas that we 

altered in Kamber and Han‟s algorithm,  

Input:  

a. A set of dimensions D [d1, d2,… ,dp] containing p dimensions along with user 

hierarchies. Note: Kamber and Han‟s algorithm extracted association rules 

between simple predicates. Our algorithm extracts association rules between 

dimensions that contain user hierarchies.  

b. An n-dimensional data cube (n-D) 

c. Minimum support threshold 

Output: 

R, the set of strong association rules. The association rules describe the relation 

between dimensions across multiple levels.  

Steps: 

a. Calculate cell count of each 1-D through p-D cell across all hierarchies. 

b. If the count is larger than min_support, add the predicate set to the list of strong 

rules.  
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c. Eliminate Redundancy 

Since the algorithm traverses all hierarchies across p-dimensions, then there is the 

possibility of including specific rules that are considered subset of a more generic rule. 

Therefore, a rule is considered redundant if a predicate value (p1) in a predicate set is 

included in the rule as well as the parent level (parent(p1)) is included with the rest of the 

predicate values in another set.  

Dealing with redundancy was originally coined by Kamber and Han in [6]. However, 

they dealt with redundancy over a single dimension. In our algorithm, we take this 

concept one-step further and apply redundancy elimination rules across multiple 

dimensions and hierarchies. 

For example, let us assume that the mining algorithm extracts the following three rules: 

- R1: Time: 9:00a, Location: Patient Room 1, Context:  CH – Chart 

Information Sheet 

- R2: Time: Morning, Location Patient Room 1, Context: CH – Chart 

Information sheet 

- R3: Time: Morning, Location: Patient Room, Context: CH – Chart 

Information sheet 

Note that R1 is considered a special case of R2 since 9:00a has a lower level (Concrete 

Time), than the “Morning” predicate, which has a higher level (Abstract Time) along the 

time hierarchy. Therefore, R1 is considered redundant. 

R2 is also considered a special case of R3 because the level of the Location dimension 

“Patient Room 1” in R1 is less than the level of the Location dimension “Patient Room” 

in R2. We have to note that all other predicates are the same.  
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This relationship between the rules in the previous examples can be illustrated as an 

inheritance relation as in Figure 24 below.  

 

-p1 : Concrete Location = Patient Room 1

-p2 : Concrete Time = 9:00a

-p3 : Context = CH - Medical Information Chart

R1

-p1 : Concrete Location = Patient Room 1

-p2 : Abstract Time = Morning

-p3 : Context = CH - Medical Information Chart

R2

-p1 : Abstract Location = Patient Room

-p2 : Abstract Time = Morning

-p3 : Context = CH - Medical Information Chart

R3

R1 Time predicate is an isntance of Concrete Time Level

R2 Time predicate is an instance of Abstract Time level. 

All other values are the same --> R1 is redundant and could be replaced with R2

R2 Location predicate is an isntance of Concrete Location Level

R3 Location predicate is an instance of Abstract Location level. 

All other values are the same --> R2 is redundant and could be replaced with R3

 

Figure 24 – Multi-Dimensional Redundancy Elimination 

 

We have also adapted Kamber‟s algorithm by guiding the search space to extract the 

cell count of 1-dimension through p-dimensions of the n-dimension cube. This extension 

allows us to find if a single dimension (or < p dimension combination) is sufficient to 

perform a strong rule. In other words, a rule does not have to include all p dimensions to 

be strong.  For example, if a physician always reviews patient charts if she is in her 

office. Then the association between Patient Charts and the office is a strong association 

and is independent of all other dimensions.  

We introduce a Context Mining tool to extract the association rules between the 

context elements and the target context. The tool named “Context Miner” is implemented 

as an adaptation of Kamber‟s algorithm on mining data cubes [38].  The tool allows the 
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user to specify minimum support (percentage) and number of dimensions to associate 

together. Figure 25 below illustrates a screen shot of Context Miner: 

 

 

Figure 25 - Context Miner 

Context Miner allows the user to provide the minimum support of cells and the 

maximum number of dimensions to associate together. For example, if the user specifies 

“2”, then the tool will try to find the associations between all dimension pairs (e.g. time 

and location) that result in a given context.  

The guided search starts by extracting the count of the dimensions related to one 

context element in relation to the context dimension. Then the search continues by adding 

dimensions to the search space and extracting the count of the facts associated with the p-

dimension subset of the cube. The search also navigates through all conceptual 

hierarchies within a particular dimension and cross references it against other dimensions.  

This approach is considered fast because the cube contains pre-calculated counts of 

cells in each summary layer of the cube [39].  
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5.3. Context Pattern Discovery Evaluation 

We have introduced a data-mining algorithm to extract correlation between users‟ 

activities and information needs. In order to identify the capabilities and the limitations of 

our approach, we have performed a case study against data collected in the medical field. 

The credit of data collection goes to Craig Kuziemsky from the School of Health 

Information Science at University of Victoria [36]. The data has been collected at 

Victoria Hospice Society (VHS). Victoria Hospice specialises in palliative care.  

Victoria Hospice has a 17-bed in-patient unit [40]. Care is offered at the in-patient unit 

as well as at patient homes. Figure 26 below illustrates the floor plan of Victoria Hospice 

 

Figure 26 - Victoria Hospice Floor Plan 
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In this evaluation, we apply the pattern extraction algorithm against data recorded from 

clinicians‟ usage of medical documents as they perform daily activities as part of the 

patients care workflow. Table 2 below illustrates sample-recorded data. Each entry 

contains the players involved, the location where the event took place, the period of the 

day, and the medical documents used during the event.   

 

   Number Details 

4.  Event January 15, 2004, AM, patient consult - Opioid rotation 

Players Physician and patient 

Location Patient room 

Documents Medex, CH 

Actions Patient had been on same opioid for a long period of time and was beginning 

to develop myoclonic spasms 

Outcome Rotating opioid should decrease mycoclonic spasms and keep patient 

comfortable 

 

  

5.  Event Jan 12, 2004 – Patient consult 

Players Physician and patient 

Location Patient room 

Documents CH 

Actions Bring in counselling or volunteer services to help the patient settle into VHS 

Outcome To get the patient comfortable as quickly as possible 

 

  

6.  Event Jan 12, 2004 AM – patient consult 

A patient described symptoms like dominos, one occurs and the others follow 

suite afterwards. You get nauseated and don‟t feel like eating, which can lead 

to weakness and pain and other symptoms occurring.  

 

Players Physician and patient 

Location Patient room 

Documents CH, medex 
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Actions Review the patient‟s symptoms through chart and vocal questioning 

Outcome Determine most prominent symptom and work to reduce it to alleviate the 

„domino effect‟ 
 

  

7.  Event Jan 27, 2005 As a patient decreases in PPS and moves closer to death the goals 

of care become easier to define, we are more interested in comfort and less in 

movement or discharge in most patients 

Players Physician discussing a patient consult 

Location Patient room, charting room 

Documents CH, medex, WB 

Actions A patient getting increased doses of dilotid was more comatose and actually 

had a PPS 20 instead of 30, but the PPS 30 would mean more pain so the 

lower PPS was actually better in that case as it gave the patient more comfort 

Outcome Patients at lower PPS (closer to death) may benefit more from a higher dose of 

meds even though it makes them more comatose 

 

  

8.  Event Feb 2, 2004 

Players Physician 

Location Charting room 

Documents CH, medex 

Actions Monitoring types of pain requires monitoring how many breakthrough doses a 

patient gets. 

Outcome Need to observe temporal qualities of pain - Temporal – there is a time lag 

between the administration of the dose and the effectiveness of it, the patient 

could be experiencing remembered pain (similar to phantom limb) or not be 

feeling the full effect of the narcotic yet? 
 

  

9.  Event Jan 12, 2004 - Patient consult, patient has pain in leg upon walking but also 

was being moved to a new care centre and had issues with his relationship 

with his sister 

Players Physician and patient 

Location Patient room 

Documents Charts, information from family, patient, nurse, OT, physician 

Actions CH, medex, DI (via computer) 

Outcome Physician identified two temporal issues – pain occurred on movement and the 

recent issue with the patients‟ sister 
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10.  Event Feb 2, 2004 – patient consult 

Patient with severe pain in stomach, back and upper chest, had been a decrease 

in medication to decrease drowsiness 

Players Physician and patient 

Location Patient room 

Documents CH, medex, DI (via computer) 

Actions Check DI to see if cancer has spread to back/upper chest as a cause of pain – 

increase pain medication 

Outcome Increasing medication dose helped pain – in this case making the patient 

drowsier was better as it decreased the pain 
 

Table 2 - Data Collection - Courtesy of Craig Kuziemsky 

Although the sample data that we have gathered is small, it allowed us to draw patterns 

related to the usage of medical documents in different contexts.  

Figure 27 below illustrates a graphical usage of medial forms in relation to location. 

The figure shows that the White Board (WB) is used 100% of the time in the charting 

room (Bar 1). In addition, the graph illustrates that the Chart Information Sheet (CH) is 

used in approximately 75% of the cases when the physician is in a patient room. On the 

other hand, the Medex (ME) document is used in the other 25% of the cases in the patient 

room (Bar 2). 
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Figure 27 - Medical Documents Usage by Location 

 

Applying the sample data against Context Miner, as in Figure 28 below, the tool finds 

out that there is strong association between the Patient Room and the usage of the “Chart 

Information Sheet (CH)”. This result suggests that the “Chart Information Sheet (CH)” 

medical document has a strong association with the “Patient Room”, which enables the 

software to deliver the CH document to the end user by default. 
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Figure 28 - Context Miner with Sample Data 

Context Miner allows the user to provide the minimum support of cells and the 

maximum number of dimensions to associate together. In the example above, we have 

specified that we would like to find the correlation between two dimension pairs (e.g. 

Medical Documents used and Location).  

On the other hand, the tool did not emphasise the usage of White Board (WB) in the 

charting room. At the outset, this result seems contradicting to Figure 28 above. 

However, after deeper examination of the results, we have found that the number of 

recorded events where WB has been used in the Charting Room did not exceed the 

minimum support usage required, 30% in this case.  The reason behind this result is due 

to the fact that our data is not a representative sample. The other aspect that the tool 

discovered is the correlation between the Chart Information Sheet (CH) and the AM 

period of the day. This fact fits with the need of CH during morning rounds. 

Based on the collected data, the tool helped us discover Temporal and Spatial patterns 

associated with the usage of medical documents. The Spatial correlation, such as using 

the Chart Information Sheet” in the patient room, emphasises the claim that there is a 
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pattern between the usage of medical documents and the location of health care givers. 

The temporal correlation, such as the documents needed in the morning rounds, 

emphasises the claim that the usage of medical documents have a temporal pattern 

associated with it. 

5.3.1. Limitations and Future Work 

The primary limitation that we have identified is the fact that the current data-mining 

algorithm discovers correlation between events and information needs for events that 

took place at the same time (e.g. syncro-colocation relationship). However, the algorithm 

does not provide the capability to discover sequential relationships. In other words, the 

data mining algorithm does not allow us to discover events of the nature “x occurs after 

y”.  Based on our interviews with physicians there are several events where the 

correlation is based on sequential events. For example, based on an interview with an 

ophthalmologist, if a patient needs a Cataract surgery, then a “Pre-Op” form is filled 

before the surgery and an “Operative Form” is filled during the surgery. The sequence 

that the physician follows in accessing the medical documents, Pre-Op Form and 

Operative Form in this case, is important. 

Additionally, the table below documents the typical workflow at VHS. Manually 

examining the workflow illustrates that there are certain events that are dependent on the 

occurrence of other depends. For example, the patient Consults typically occurs after the 

morning rounds. 

   Number Details 

1.  Event 9:00 AM Every Morning – Morning Rounds 

Players Physician on morning rounds, nurse from each care team, input from 

counsellors, therapists and other nursing staff as needed 
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Location Charting room – correspondence also comes from med room. 

Documents Patient chart (CH), White board (WB), Incident board (IB), Care providers 

knowledge. 

Actions Patient care – procedures (CT scans, RT), medications, incidents (physical, 

psychosocial, otherwise), discharges. 

Outcome Resolve issues – either through intervention for immediate resolution or bring 

forward to external party (cancer centre, GP) 

 

Discharge has unique goals such as mental state of patient and 

preparation/assessment of home for continued care (external – home care, GP) 

– see discharge  

 

Morning rounds leads to patient consults 
 

  

2.  Event Patient Consults – Daily AM and PM 

Players Physician and patient – may get input from family, nurse, counsellor 

Location Patient room 

Documents Much of the information for this comes from the morning rounds – need for 

information linkage between the two of those events 

 

Chart primary information source – supplemented by x-ray, labs, Medex 

Actions Both problem solving and goal driven – problems are solved that were 

identified during morning rounds (or identified on incident sheet) if a patient is 

being discharged or having a procedure (i.e. radiotherapy) then preparations 

are made for that 

Outcome Achievement of goals – often through solving of problems (i.e. pain relief), 

determining if a patient is ready/able to go be discharged, or setting of new 

goals 
 

3.  Event New Admission 

Players Physician, nurse, counsellor, General Practitioner (GP) (external) – provides 

info through forms, phone calls etc 

Location Charting room, patient room, physician office 

Documents Chart, information from GP, inferred knowledge from care providers, 

information from both internal and external sources – may use phone calls, 

faxes or computer based information 

Actions Establishment of state of physical, psychosocial, family and other domains 

Outcome Establishment of initial schema for the patient – goals of care are established 

as well as identification of  fears, desires for comfort 

 

  

4.  Event Establishment of new goal 

Players Physician, nurse, counsellor, GP (ext), liaison nurse, OT, home care 
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Location Charting room, patient room, meds room 

Documents CH, information from family, patient, nurse, OT or other providers (GP), CC 

Actions Goal driven such as discharge, procedure, or meeting with meeting, GP etc. 

Outcome Goal may identify new medications or staffing need such as 

counsellor/therapist. .In case of discharge  homecare supports as per the 

specific goal 

Goals always have a time factor involved such as discharge in 4 days or pain 

reduction in 48 hours 

Subsequent 

Event 

 

 

  

5.  Event Discharge 

Players Physician, nurse, counsellor, GP (ext), liaison nurse, OT, home care, family, 

palliative 

Location Charting room, patient room 

Documents Charts, information from family, patient, nurse, OT, physician 

Actions Goal driven – identified patient goals for the next while are identified 

Outcome Medications, homecare supports, respite visits among factors that are 

considered – correspond to goal 
 

Table 3 - Workflow at VHS - Courtesy of Craig Kuziemsky 

A future direction for this research will be to study the algorithms related to “Mining 

Sequential Data” and extend the current algorithm with Sequential Data Mining 

algorithms. In his book, Mining Sequential Patterns from Large Data Sets, Wang et al. 

present analysis approaches to discover sequential patterns such as web site navigation. 

In summary, we find that there is a correlation between the users‟ information needs 

and spatial and temporal aspects. The ability to discover the correlation based on 

historical recorded data would assess in providing the right information at the right 

location and at the right time for users. In this thesis, we present a patterns discovery 

approach based on data mining algorithms. 
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Chapter 6    Reference Architecture  

 

Developing an architectural view of a software system is vital to identify the key 

components that collaborate to perform the desired functionality. There are several 

definitions to software architecture; we adopt the definition presented by Bass, Clements, 

and Kazman in their book Software Architecture in Practice [41]. Bass et al. define 

software architecture as:  

“The software architecture of a program or computing system is the structure or 

structures of the system, which comprise software components, the externally visible 

properties of those components, and the relationship among them.” [41].  

We use the above definition of software architecture to derive a generic blueprint, 

reference architecture, to support the development of future context-aware information 

systems.  

There are two approaches to develop reference architectures for software systems: an 

analysis approach and a synthesis approach. The analysis approach is based on evaluating 

existing systems that perform a specific task then performing a reverse engineering 

process to identify the common architectural components. On the other hand, the 

synthesis approach takes a forward engineering approach aimed at identifying the needs 

and qualities of a system to derive the reference architecture [41].  

Deriving a reference architecture using the analysis approach requires the availability 

of existing systems to be analysed. Hassan et al. used the analysis approach to derive 

reference architecture for existing systems such as Web Servers [42]. Since the context-

aware field is relatively new, we will use the synthesis approach to derive the reference 
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architecture.  First, we identify the sought after qualities of the system and then we derive 

our reference architecture using existing architecture styles.  

Bass et al. introduce the concept of Architectural Styles in [41]. Architecture styles are 

defined as reusable patterns that manifest the qualities of a software system. Bass et al. 

introduce a catalogue of architectural styles. They organize the catalogue based on “is-a” 

relations.  

Figure 29 illustrates the common architectural styles as suggested by Bass et al. 

Architecture Styles

 

Data Flow

 

Pipes and Filters

 
Rule-Based 

Systems

 

Independent Components

 

Batch Sequential

 

Virtual Machine

 

Event Systems

 

Explicit Invocation

 

Implicit Invocation

 

Data Centered

 

Call and Return

 

Object Oriented

 

Interpreter

 

Blackboard

 

Repository

 

Layered

 

Main and 

Subroutine

 

 

Figure 29 Architectural Styles - based on [41] 

 

A software system does not simply map to a single style, Bass et al. emphasise that 

most software systems encompass a set of heterogeneous styles. However, Bass et al. 

suggests that there are three kinds of heterogeneity: location heterogeneity, hierarchical 

heterogeneity, and simultaneous heterogeneity [41]. In this section, we present context-

aware information systems (CAIS) as hierarchically heterogeneous systems, whereas a 
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CAIS can be viewed based on one style at the high level but it consists of multiple 

architectural styles when decomposed. 

The focal point of a CAIS is the delivery of the right information in the right situation. 

A CAIS captures contextual information from the surrounding environment, process the 

data, and deliver the right content to the end user. This behaviour maps closely to systems 

that conform to the Data-flow architectures [41]. Bass et al. provide the following 

definition to Data-flow architecture style:  

“Data-flow style is characterized by viewing the system as a series of transformations 

on successive pieces of input data. Data enter the system and then flows through the 

components one at a time until they are assigned to some final destination (output or data 

source). The style has two subtypes batch sequential and pipes and filter”. 

 

Based on the above definition and the expected behaviour of context-aware 

information systems, we recommend the Data-flow architecture style as the basis of our 

reference architecture. We choose the batch sequential subtype as our Data-flow 

architecture style because it provides the ability for independent programs to perform the 

tasks required by each component [41]. This allows the flexibility to incorporate 

independently developed components in the data-flow architecture. In Figure 30 below, 

we present the list of main components that we envision to form a context-aware 

information system.  

Context Sensor Discoverer

Composer

Learner

Fact Fact
Information View 

(Form)

Form 

 

Figure 30 - Context-aware Information System architecture (Data-flow Architecture 

Style) 
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A CAIS captures facts through context sensors. The facts represent logical 

representation of context elements such as time and location. The context sensor passes 

the fact to a learner component, which records the occurrence of these facts. The Learner 

passes the facts to a discoverer component, which evaluates the facts against previously 

recorded correlations between information views and facts. The discoverer recalls the 

right information view and presents it to the user. If needed, the user invokes the 

composer to personalise the information view. The system then passes the personalised 

information view back to the learner to enable the system to learn about the usage of the 

updated information view.  

The architecture of the CAIS is also hierarchically heterogeneous. Each component 

conforms to an architecture style based on the functionality it delivers. For example, the 

architecture of the context-sensor component conforms to the Events architecture style, 

while the architecture of the discoverer is closer to the Rule Based architectural style than 

any other style. Figure 31 depicts the architecture style of each component within the 

CAIS.  The proposed architecture style for each component is represented using a 

rectangle with a dashed border. 
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Context Sensor Discoverer

Composer

Learner

Fact Fact
Information View 

(Form)

Form 

Pipes and Filters

(Data Flow)
Rule Based

Object Oriented

Events

 

Figure 31 - CAIS Hierarchical Heterogeneous Architecture 

In order to define the architecture of each component, we need to take a closer look at 

the main functionality it provides. We propose the usage of different architecture for each 

component based on the qualities it needs provide.  In the rest of this section, we describe 

the architectural style for each component and discuss the rationale behind selecting a 

particular style. 

6.1. Context Sensor Architecture 

Context sensors capture contextual data from disparate sources and feed the data to the 

CAIS. The main purpose of context sensors is to update the CAIS with facts whenever 

changes occur in the surrounding environment. Context sensors provide wide spectrum of 

data that vary from changes to the spatial aspect of the environment to changes in the 

temporal aspect of the surrounding environment.  

In order to define context sensors, we refer to Dey‟s definition of context [15]. Dey 

states, “A context is any information that can be used to describe the situation of an 

entity”. Given Dey‟s definition of context and the fact that a sensor is a node that collects 
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data, we define a context sensor as a node that collects data of interest about the 

situation of an entity. 

Since our focus is information delivery to users, the term “situation of an entity”, in the 

above definition, encompasses all factors that affect the information delivered to users. 

These factors include, but not limited to, the location of the application, proximity to 

people and devices, and time. For example, when a clinician enters a patient room, a 

location sensor updates the system with a “location” fact that conveys the updated 

location of the clinician.    

Recent advances in technology, particularly in wireless technologies and Service 

Oriented Architecture (SOA) [43], have unlocked wide variety of information sources to 

be used with CAIS. Wireless technologies such as Bluetooth [44] enabled the possibility 

to leverage data about proximity to people and other devices to alter the information 

delivered to users.  

On the SOA side, the increased availability of Web Services increases the information 

available about the situation of a particular entity. Web Services technology was 

introduced based on the premise of interoperability and collaboration between 

heterogeneous devices and operating systems. The increased interoperability allows 

CAIS to leverage services that it could not easily use before. For example, we have 

prototyped a Calendar Web sensor that retrieves the busy/free schedule for all users from 

an exchange server. This info is used to redirect patient requests, particularly in palliative 

home-care patients, to a physician who is free at the time of the request. Notice that in the 

above scenario multiple sensor types are needed to provide information about the right 

context to the CAIS. First, the location sensor provides information about on-site 
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physicians. Secondly, the calendar sensor provides information about physician‟s 

availability to respond to calls.  

Since the main function of the context sensors is to provide information about changes 

in the surrounding environment, hence, the “Event System” architecture style represents 

the closest architecture style to offer the function required by the Sensors component. 

The Events system architecture style contains two types of architectural styles: Explicit 

Invocation and Implicit Invocation. Decomposing context sensors further, we find that 

each sensor could be designed based on one of these architectural styles according to the 

functionality it needs to offer. Figure 32 below illustrates the sensors architecture.  
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Calendar
Temporal 

Sensor

Fact
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Figure 32 - Context Sensors Architecture 

In the above figure, we categorize sensors in in two groups based on their invocation 

style: explicit invocation sensors and implicit invocation sensors. Sensors that adhere to 

the explicit invocation style issue a call to the system whenever a new fact is sensed in 

the surrounding environment. For example, an RFID sensor updates the system with the 

clinician‟s location whenever the clinician enters a new room. On the other hand, an 
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implicit invocation sensor notifies the system with changes based on elapsed time. For 

example, a sensor that monitors the calendar of a physician could access information 

from third party calendaring systems. If the calendaring system does not have capability 

to automatically notify the CAIS, a calendar sensor reads the user‟s calendar on regular 

basis and notify the CAIS with changes to the user‟s calendar.  

As a proof of concept of the sensors architecture, we developed several context sensors 

that feed different facts in the pipeline. For example, we developed a Bluetooth proximity 

sensor that discovers whether is in proximity to her desktop computer. If the physician is 

not in proximity of a computer, she can view the patient record on her PDA. If the 

physician is in proximity to her desktop computer, she can transfer the patient record 

from her PDA to her desktop computer to view more details about the patient case. She 

can also contrast the patient case against historical data and other cases.  

We have also developed a Calendar sensor, which monitors the physician‟s Busy/Free 

schedule. If the physican is available, the she can respond to notifications from palliative 

care patients who require further assistance.  

6.2. Learner Architecture 

The role of the learner component is to record the captured facts in a repository that 

could be used downstream components. The learner builds a knowledge base about the 

facts and the forms used with these facts. Therefore, the architecture style used to 

describe this behaviour is the Repository architecture style. 
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Figure 33 - Learner Architecture (Repository Architecture Style) 

 

6.3. Discoverer Architecture 

The role of the discoverer component is to evaluate the captured facts against a rule-

base to infer a set of rules that are most applicable to the current situation. Therefore, the 

architecture style that is best suited to describe the discoverer is the Rule Based System 

architecture style.  

Several systems have been developed using the Rule Based architecture style. Of 

special interest to us are the Production Systems, which are a sub category of Knowledge 

Base Systems [45].   A Production system interprets facts against a rule-base that contain 

rules in the form: if C then A [45].  The discoverer has characteristics similar to 

Production Based Systems because the discoverer needs to evaluate the facts, captured by 

sensors, against a set of existing rules, referred to as Context Patterns. In [45], Frost states 

“Production system consists of a database, a rule-base, and a rule application module.”  

The discoverer includes the same components as the ones included in a Production 

System with couple of enhancements. First, a Production System assumes that the user 

authors the rules in the rule-base. However, manual authoring of the rules represents a 
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serious restriction in CAIS because the rules in the rule-base are complex patterns that 

describe the day-to-day behaviour of the end user and its relation to the information 

needs. In addition to complexity, the context patterns are personalised to each clinician, 

which means that the rules definition task cannot be delegated to a more sophisticated 

user such as a system administrator. Therefore, we introduce a data-mining tool, called 

Context Miner, which operates on the fact-base to generate the rule-base by identifying 

and extracting association rules between the facts in the fact base, refer to section  5.2 for 

further details.  

The second enhancement over Production Systems is that we introduce a garbage 

collector component to delete the unused rules from the rule-base. Figure 14 illustrates 

the reference architecture of the Context Manager. 
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Figure 34 - Discoverer (Rule Based System Architecture Style) 

The design of the data-mining tool is discussed with further details in Chapter 5. 

6.4. Composer Architecture 

The goal of the composer component is to enable the user to personalise the 

information view for a particular context. We have two architecture styles within the 
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composer component. The first architecture style is the Composite App Builder 

architecture style, which is used to enable composition of forms. The second architecture 

style is the Layered Software architecture style used by each formlet.  

The characteristics of the forms depend on the user interface and the composition 

technology used. We have demonstrated the capabilities of CAIS using both portal based 

Thin Client technology and using Rich Client applications. Refer to  Chapter 4 for further 

details on the composition approach. 

6.5. Summary 

In this section, we presented a reference architecture for context-aware information 

systems. We developed the reference architecture by identifying the desired features of 

the system then we identified well-known architecture style that best suited the system. 

We adopted a hierarchical heterogeneous architecture style where the overall system 

conforms to the Data-flow architecture style, but when decomposed each component 

conforms to a different architecture based on the features it provides. 

In order to validate the architecture we built a proof of concept of all the components 

specified in the architecture.  
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Chapter 7  Conclusions 

 

We explore the field of context-aware information systems (CAIS). We present an 

approach called Compose, Learn, and Discover (CLD). The CLD approach enables users 

to personalise the information views that they use in different contexts by incorporating 

user-interface composition techniques. The context-aware information system learns 

about the usage of the information views in different contexts by correlating factors from 

the surrounding environment to the information views. Finally, the CAIS discovers the 

right context and recalls the right information view that is associated with the discovered 

context.  

7.1. Contributions 

The thesis provides the following contributions: 

1. Semantic Composition: We introduce a semantic user-interface composition 

technique that leverages the user domain model to simplify the personalisation of 

information views for usage in different contexts. In order to simplify composition, 

our approach enables users to compose information views from predefined and 

reusable information elements, referred to as formlets. The composition approach 

extends well-known composition approaches that have been used to personalise 

web portals, which are also known as “dashboards”. Our approach provides 

semantic typing to dashboard elements to simplify the composition of the 

information views. This contribution is discussed in Chapter 4.  

2. Context Patterns Discovery: We propose the usage of data mining algorithms to 

discover correlation between information needs and various context dimensions 
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such as location, time, and identity. We extend a data mining algorithms that was 

previously developed by Kamber and Han [6]. We enhance Kamber‟s data mining 

algorithm by handling rules redundancy across multiple dimensions and 

hierarchies. Details about this contribution are available in Chapter 5.  

3. Reference Architecture: We introduce an architecture that could serve as a blue 

print for developing future context-aware applications. We develop the architecture 

by leveraging well-known architectural styles. We propose that the architecture of a 

context-aware information system conforms to the hierarchically heterogeneous 

architecture style. The architecture is hierarchically heterogeneous because the 

system conforms to pipes and filters architectural style at the high level. However, 

each pipe element conforms to an architecture style based on the functionality it 

offers. We have also developed proof of concept for various elements in the 

architecture. Details about the reference architecture are available in Chapter 6. 

7.2. Future Work 

We have identified several areas that could enhance the field of context-aware 

information systems. These are: 

1. Discovering Sequential Patterns: Our pattern discovery approach enables us to 

discover correlation between patterns that take place at the same time. Our approach 

does not provide the ability to discover sequential events that could be represented 

using the before and after clauses. For example, we could not discover the fact that 

discharge takes place after the morning rounds. We consider researching the data 

mining of sequential patterns field [46] to discover correlations between sequential 

events.  
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2. Visual Workflow Modeling: Our current approach enables users to associate 

information views with contexts. The system recalls the right information view 

whenever the right context is activated. However, our approach does not allow users 

to specify a sequence of activities to be triggered whenever a given context is 

activated. We expect that incorporating visual workflow tools in the modeling process 

would allow users to model the execution of sequential activities. 
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